Purpose: This study reports a phase I immunotherapy trial in 23 women with metastatic breast cancer consisting of eight infusions of anti-CD3 Â anti-HER2 bispecific antibody (HER2Bi) armed anti-CD3-activated T cells (ATC) in combination with low-dose IL-2 and granulocyte-macrophage colony-stimulating factor to determine safety, maximum tolerated dose (MTD), technical feasibility, T-cell trafficking, immune responses, time to progression, and overall survival (OS).
Introduction
In women who present with localized breast cancer, approximately 10% develop metastatic breast cancer (MBC) in 5 years. Although most patients experience objective responses to chemotherapy or hormonal therapies, progression is inevitable (1) (2) (3) . Overexpression of HER2/neu (HER2) in breast, ovarian, lung, gastric, head and neck, and prostate cancers makes it an ideal target for antitumor agents (4, 5) . Furthermore, recent studies suggest that the anti-HER2 reagents may be effective against HER2 þ cancer stem like cells in tumors that are HER2 negative (6) .
For patients with progressive HER2 þ MBC, HER2-targeted agents such as trastuzumab, pertuzumab, trastuzumab-maytansine, (7-10) lapatinib, neratinib, and afatinib (11) (12) (13) have improved progression-free survival (PFS). However, these agents are not effective for patients with MBC with HER2-negative disease. Nontoxic targeted approaches are needed for these patients. Activated T cells (ATC) armed with anti-CD3 Â anti-HER2 bispecific antibody (HER2Bi) exhibit high levels of specific cytotoxicity directed at both high and low HER2-expressing breast cancer cell lines (14) . Arming ATC with HER2Bi redirects the non-MHC-restricted cytotoxicity of ATC to HER2-specific targets (14) . HER2Bi-armed ATC (aATC) repeatedly kill, proliferate, and release Th1 cytokines, RANTES, and MIP-1a when cocultured with HER2-negative cell lines (15) . In murine studies, infusions of aATC completely prevented tumor development in coinjection assays and inhibited established HER2 þ PC-3 tumors in SCID/ Beige mice (16, 17) . In this study, we used combination immunotherapy consisting of HER2Bi aATC infusions, IL2, and granulocyte macrophage colony-stimulating factor (GM-CSF). GM-CSF was empirically chosen because it is known as a potent immune adjuvant and approved for human use. Our data show that aATC infusions were safe and feasible, persist in patients' blood, and induce cytotoxic responses to breast cancer cells and elevations of serum immunokines. 
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Production of clinical HER2Bi
Trastuzumab (Herceptin, Genentech) was heteroconjugated to anti-CD3 (OKT3, Centocor, Ortho-Biotech) to produce HER2Bi under cGMP conditions (14) .
Phase I clinical trial design
The primary endpoint was to determine the safety and maximum tolerated dose (MTD) of aATC in a standard 3 þ 3 dose escalation trial with dose levels of 5, 10, 20, and 40 billion aATC per infusion (2 infusions/week for 4 weeks) for total doses of 40, 80, 160, and 320 Â 10 9 aATC. aATC were given with IL2 (300,000 IU/m 2 /day) and GM-CSF (250 mg/m 2 /twice weekly) beginning 3 days before the first infusion and ending 1 week after the last aATC infusion. Fig. 1A shows the treatment schema. Tumor evaluations were performed 14.5 weeks after chemotherapy or hormonal therapy (time for lymphoid recovery, ATC production, 4.5 for weeks after immunotherapy, and 4 weeks of observation). All patients with MBC (HER2 0-3þ) who met enrollment criteria were eligible.
Eligibility criteria
Women 18 years of age or older with histologically documented metastatic infiltrating ductal or lobular breast carcinoma with 0-3þ Her2 expression, Karnofsky score of ! 70%, ECOG 0-2, and life expectancy of >3 months with good organ function were eligible (See Supplementary Information). Women with no measurable disease were eligible if the tumor or metastatic disease was removed or successfully treated before enrollment in the study. No serious medical or psychiatric illness that prevents informed consent or intensive treatment were allowed. Minor changes from these guidelines would have been allowed at the discretion of the attending team under special circumstances. The reasons for exceptions would have been documented. HER2/neu, estrogen, and progesterone receptor positivity were recorded. Details of patient characteristics are presented in Supplementary Table S1 .
Leukopheresis, T-cell expansion, and production of aATC ATC were produced as described (18) . After 10-14 days, ATC were harvested and armed with 50 ng of HER2Bi/10 6 ATC, and cryopreserved (18) . Aliquots were tested for bacteria and fungus, endotoxin, mycoplasma, phenotype, and cytotoxicity.
Dose modification and toxicity scoring (NCI Toxicity Criteria, v2, June 1, 1999).
Patients were accrued to each dose level based on the doseescalation schema (Supplementary Table S2 ). If there was one patient with persistent grade 3 nonhematologic toxicity or grade 4 toxicity was encountered in the first 3 patients or 2 out of the first 6 patients, the dose would not have been escalated. Patients with grade 4 nonhematologic toxicity were removed from protocol. As cardiac toxicity associated with Herceptin treatment was a concern (19), patients were removed if aATC infusions decreased the ejection fraction from the baseline MUGA by >10%. Treatment was held for persistent grade 3 toxicity until toxicity decreased to < grade 2. If grade 3 toxicity occurred again, subsequent doses of aATC were washed to eliminate DMSO. If toxicity persisted, then the next dose of aATC was resumed at a 50% reduction. If the toxicities continued at the reduced dose of aATC, the IL2 would be stopped and the aATC infusions continued at the reduced dose. If grade 3 toxicity occurred again, the ATC infusions would be stopped. Toxicities were assessed for 7 days after each infusion and weekly for unresolved toxicities.
Non-MHC-restricted cytotoxicity
Specific cytotoxicity was performed with fresh PBMC from patients (14) using SK-BR-3 (breast specific target) and K562 cells (NK cell target) in 51 Cr release assay (20) . 51 Cr release and IFNg EliSpot assays were used to assess immediate cytotoxicity of fresh endogenous PBMC directed at breast "tumor antigens" to immediately lyse tumor targets or T cells ability to secrete IFNg without in vitro restimulation. The cytotoxicity or IFNg EliSpots exhibited by PBMC would represent the development of endogenous immune responses to unknown tumor associated antigens on SK-BR-3 targets.
Cytokine profiles
Serum cytokines were detected by multiplex cytokine array as described previously (18) using the Bio-Plex system (Bio-Rad Laboratory).
Immunohistochemistry
Tissues samples were sectioned, deparaffinized, stained, with hematoxylin and eosin and characterized for tumor content by a pathologist. Adjacent sections were stained with anti-CD3 to detect T cells using the Catalyzed Signal Amplification (CSA Peroxidase System, DAKO) after target retrieval and endogenous biotin/avidin and peroxidase quenching with the CSA Ancillary System (DAKO). Anti-CD3 antibody (1 mg/mL) was diluted in background reducing components (CSA Ancillary System) and incubated with tissue samples for 30 minutes at room temperature. Primary antibody was detected by incubating for 15 minutes
Translational Relevance
Infusions of anti-HER2 Â anti-CD3 bispecific antibody (HER2Bi) armed activated T cells (aATC) are feasible, safe, and did not cause dose-limiting toxicities. Our phase I clinical trial using HER2Bi aATC to target HER2 À and HER2 þ metastatic breast cancer in combination with IL2 and granulocyte macrophage colony-stimulating factor stabilized disease in 5 women (5/22 evaluable patients, 22.7%) at 14.5 weeks. Given the number of patients is small, the median OS of 36.2 months for all patients, 57.4 months for HER2 3þ patients, and 27.4 months for HER2 0-2þ patients is encouraging. aATC infusions induced significant increases in the CTL activity following immunotherapy that argues for the development of breast cancer-specific endogenous immune responses. aATC infusions also polarized the immune system to a Th1/Type 1 cytokine profile with remarkable increases in IL12 production. These results provide the rationale for the design of phase II clinical trials in solid tumors.
with biotinylated goat anti-mouse immunoglobulins, and the signal was amplified and visualized by diaminobenzidine precipitation at the antigen site. In parallel, adjacent sections were stained with biotinylated goat anti-mouse IgG2a followed by streptavidin-FITC to detect the goat anti-mouse-IgG2a. Images acquired using fluorescent filters were overlayed upon images acquired by light microscopy creating composite images to evaluate colocalization of staining.
Detection of aATC in patients
Goat anti-mouse IgG2a directed at the OKT3 part of the BiAb was used to detect aATC in the peripheral blood by flow cytometry and in biopsy or surgical samples by immunohistochemistry.
Statistical analysis
The primary endpoint of the study was to determine safety and MTD of aATC. The secondary endpoints were to assess response rates [complete response (CR), stable disease (SD), partial response (PR), and no evidence of disease (NED), time to progression (TTP), and OS. TTP and OS were measured from the date of enrollment. Kaplan-Meier estimates were performed for OS and TTP. Descriptive statistical analyses were performed for immune monitoring using Prism (GraphPad, Version 5.0). Table 1 and Supplementary Table S1 (Supplemental Information) show the clinical characteristics, prior therapy, number of lines, aATC doses, sites of metastases, disease status at enrollment and at 14.5 weeks, OS for 23 women, and TTP for 22 women. Median age was 48 years (range: 31-68 years). All of the HER2 3þ patients except one (patient #16) received Herceptin Ò (patient #16 was randomized to receive no trastuzumab on CALTB49909). All patients received chemotherapy except one (patient #8). One patient (patient #12) was treated twice but counted once for dose escalation and survival analysis. One patient had T cells expanded but was not treated due to disease progression (23 of 24 enrolled were treated).
Results

Patient characteristics
Phenotype and cytotoxicity of aATC
One patient underwent a second leukapheresis to obtain the T cells necessary to meet the required dose and one patient underwent a second leukopheresis to regrow product due to Figure 1 . A, treatment schema shows leukapheresis to obtain T cells for expansion. HER2Bi armed ATC (aATC) were administered twice weekly for 4 consecutive weeks. All patients received SQ IL2 (300,000 IU/m 2 /day) and GM-CSF (250 mg/m 2 /twice weekly), beginning 3 days before the first aATC infusion and ending 1 week after the last aATC infusion. Immune testing was performed at indicated time points after aATC infusions. B, a PET/CT of a partial responder in the HER2-negative group who had two well-defined liver metastases (2.5 Â 1.7 cm and 2.5 Â 1.3 cm, as shown in Before). Reimaging after immunotherapy showed regression of the two lesions after 6 months (After Cr release cytotoxicity assay was significantly greater (P < 0.0001) than that exhibited by patients' unarmed ATC (3.0% AE 2.8%) before immunotherapy (Supplementary Table S3 ). There was an inverse correlation (Spearman r ¼ À0.5642 with a P < 0.02) between in vitro cytotoxicity of patients' Her2Bi-ATC and proportion of CD4 cells in the expansion product. This was consistent with our report that enhanced in vitro specific cytotoxicity of armed ATC was highest in CD8 þ ATC, lowest in CD4 þ ATC and intermediate with unfractionated T cells.
Phase I evaluation of MTD
The highest dose level completed was 20 Â 10 9 aATC per infusion (160 Â 10 9 total dose of aATC). We accrued one patient at the dose level of 40 Â 10 9 aATC per infusion (320 Â 10 9 total dose), but it was not technically feasible to achieve the 320 Â 10 9 total dose with a single leukapheresis. The technically feasible dose was 160 Â 10 9 , and the MTD was not reached.
Phase I evaluation of toxicities
The most frequent side effect (SE) was grade 3 chills. Grade 3 headaches emerged as the second most common SE. Table 2 shows the frequency of side effects as a function of dose level (NCI Immunotherapy Protocol Toxicity Table) . By episode per infusion, the incidence of chills was 8.6%, 20.8%, and 43.1% at dose levels 1, 2, and 3, respectively. The incidence of headaches was 3.1%, 8.3%, and 19.6% at dose levels, 1, 2, and 3, respectively. All patients with grade 3 chills responded to meperidine. Patient #13 at dose level 3 experienced a grade 4 headache and hypertension and was removed from the study after 3 infusions (65.7 Â 10 9 total aATC). The patient had developed a subdural hematoma that was evacuated without neurologic deficits or complications. Three additional patients were added to dose level 3 without any DLTs. One patient achieved dose level 4 of 40 billion/infusion dose for a total of 320 billion. One patient (#2) died of digoxin toxicity related congestive heart failure and the autopsy showed no myocardial T-cell infiltrates. Patients #8 and #14 were admitted for management of hypotension, nausea, vomiting, and dehydration; there infusions were resumed and completed after resolution of their SEs. There were no DLTs attributed to aATC.
Clinical responses
Twenty two of 23 patients were clinically evaluable at 14.5 weeks. Patient #2 who died of digoxin toxicity was NED at time of death. Although she was not evaluable for response, she was included in the survival analysis. In the evaluable patients at 14.5 weeks, one patient had NED, one patient had a PR, 11 patients had ) who was progressing on letrozole developed a PR after aATC treatment that continued beyond 7 months. She had two well-defined liver metastases on a PET/CT scan (2.5 Â 1.7 cm and 2.5 Â 1.3 cm as shown in Fig. 1B, " before") that decreased in size after immunotherapy (Fig. 1B, "after") . The sum of longest diameters was decreased by 30% at 14.5 weeks and by >70% at 7 months. At 14.5 weeks, 59.1% (13/22) of patients had SD or better (NED, PR, or SD) and 40.9% (9/22) of patients had PD. Five of 22 (22.7%) patients with PD before immunotherapy achieved SD after aATC infusions.
Overall survival and time to progression
Supplementary Table S1 shows the disease status (most patients with visceral disease) before therapy, status at 14.5 weeks, TTP, and OS. Fig. 1C , left shows the Kaplan-Meier curve. The median OS for 23 patients is 36.2 months, 57.4 months for the HER2 3þ group, and 27.4 months for the HER2 0-2þ group. Fig. 1C , right shows the Kaplan-Meier curve for 22 patients who were evaluable for TTP. The median TTP after enrollment was 4.2 months for the entire group, 7.9 months for the HER2 3þ group, and 3.7 months for the HER2 0-2þ group. Supplementary  Table S4 shows clinical responses in MBC patients who had SD at 14.5 weeks compared with patients who had PD. The median OS is 40 and 57.9 months for the HER2 0-2þ and HER2 3þ patients with SD, respectively, and 21.3 and 36.6 months for the HER2 0-2þ and HER2 3þ patients with PD, respectively. The proportion of patients (Supplementary Table S5 ) who had SD or better was 56.5% and the proportion of patients with PD was 39.1% at 14.5 weeks (n ¼ 23). Five of 7 (71.4%) HER2 3þ patients had SD or better disease, whereas 7 of 14 (50.0%) HER2 0-2þ patients had SD or better disease. Patient #14 with an unknown HER2 status had SD (included in the HER2 0-2þ group in the Kaplan-Meier).
Immune responses
Non-MHC-restricted cytotoxic T-cell responses and IFNg eliSpots. Cytotoxicity exhibited by PBMC without stimulation directed at SK-BR-3 and K562 targets was performed to evaluate the development of immune responses by endogenous lymphocytes. Figure 2A Figure 2B (top left) shows anti-SK-BR-3 cytotoxicity before immunotherapy (preimmunotherapy), during (between infusion #4 and #5) immunotherapy (midimmunotherapy) and 4 weeks postimmunotherapy. Cytotoxicity directed at SK-BR-3 increased significantly (P < 0.003) during immunotherapy compared with preimmunotherapy levels. The top right panel of Fig. 2B shows the increased anti-K562 (NK activity) responses at midimmunotherapy and postimmunotherapy compared with preimmunotherapy, but it was not significantly higher (P ¼ 0.07) at any time point. In parallel, PBMC from selected patients were directly stimulated with SK-BR-3 for IFNg EliSpots. Bottom left panel shows increased IFNg EliSpots at midimmunotherapy (P < 0.04) and postimmunotherapy (P < 0.03) compared with the preimmunotherapy time point. These data show that aATC infusions induced both specific anti-SK-BR-3 and innate endogenous immune responses.
Antitumor immunokines. Serum cytokine levels were tested in preimmunotherapy serum (preimmunotherapy), after aATC infusion #4 (midimmunotherapy) and after completion of aATC infusions (1 week after completion of all infusions, postimmunotherapy) to determine whether immunotherapy induced changes in serum profiles (n ¼ 13). There were significant increases in IL12 (P < 0.0005), IL2 (P < 0.002), GM-CSF (P < 0.05), and IL10 (P < 0.01) levels during aATC infusions (midimmunotherapy) compared with baseline (preimmunotherapy). The same trend was seen for IFNg and TNFa, but there were no statistical differences (Fig. 3) . The botttom right panel of Fig. 3 shows the mean Th1/Th2 ratio
at the pre-, mid-, and postimmunotherapy time points.
Tumor markers. In 14 of 22 evaluable patients, 4 had a reduction in CEA (2 of 4 had a >50% decrease and 2 of 4 had a 15%-50% decrease), 5 had a reduction in CA 27.29 (2 of 5 had a >50% decrease and 3 of 5 had a 15%-50% decrease), and 5 had a reduction in soluble serum HER2 receptor (2 of 5 had >50% decrease and 3 of 5 had a 15%-50% decrease) levels (Supplementary Table S6 ).
Kinetics and survival of infused aATC. Phenotyping of PBMC for IgG2a þ cells at pre-and postinfusion time points showed transient increase in IgG2a þ cells up to 50% of the circulating T cells after 2-to 4-hour postinfusion in one patient (Fig. 4A, top left) . Phenotyping in 4 patients at postinfusion #1, 5, 8, and 1 week postinfusion showed accumulation and persistence of aATC up to 1 week after the last infusion in dose level 1 patients (Fig. 4A , top right).
Trafficking and clearance of aATC. Infusions of 111
In-labeled aATC localized to the lungs, liver, and spleen, and eventually bone marrow within 4 hours of injection in a HER2
À patient (Fig. 4B,   left) . However, the 111 In-labeled aATC could not be seen in the lung metastasis of a patient who was HER2 À . After 24 hours, aATC had cleared from the lungs but persisted in the bone marrow, liver, and spleen for up to 4 days after infusion. Serial measurements of 111 In-labeled aATC (250 Â 10 6 ) in whole blood showed that about 50% of aATC cleared from the blood within approximately 30 minutes but remained positive for radioactivity (1.1% of the initial concentration) up to 4 days after infusion (Fig. 4B, right) .
Localization of aATC to tumors. Formalin-fixed, paraffin-embedded samples were prepared from a chest wall nodule excision and a sternal tumor biopsy and stained for IgG2a on aATC. IgG2a þ aATC could be detected at 1 week (left) and 1 month (right) after treatment, respectively (Fig. 4C) .
Antibody responses to mouse monoclonal antibody. Patient sera were tested for human anti-mouse antibodies (HAMA) directed at murine IgG2a (OKT3). Human antibody responses to mouse IgG2a (OKT3) were very low (<10 ng/mL) and were not clinically significant (Fig. 4D) . HAMA antibody response (n ¼ 11) could not be detected more than 10 ng/mL at any time point.
Discussion
The results from this phase I trial of HER2Bi aATC infusions in women with MBC are clinically encouraging. Multiple infusions of aATC in combination with IL-2 and GM-CSF were safe and technically feasible with persistence of the infused aATC in the circulation for 1 week. The median OS is 36.2 months for all 23 patients (22 evaluable and 1 nonevaluable ¼ 23), 57.4 months for the HER2 3þ patients, and 27.4 months for the HER2 0-2þ patients. Immunotherapy induced endogenous cytotoxic T-cell and immunokine responses that persisted up to 4 months (15) .
A highlight of available therapies in patients with progressive disease (regardless of HER2 status) after treatment with anthracyclines and taxanes shows OS ranging from 4 to 18.1 months (21) (22) (23) (24) (25) (26) . Median OS for MBC was 18.6 months after first-line capecitabine therapy, between 5 and 15 months after second-line therapy, and 8 months after third-line therapy (21) (22) (23) (24) (25) (26) Table S1 ). Infusions of aATC stabilized disease in 5 women (5/22, 22.7%) including a very good partial remission in patient #9. There were no DLTs observed. The major side effects were chills, fever, headache, fatigue, and hypotension. Cytokine "flurries" were observed but not life-threatening cytokine "storm". Several patients had their aATC washed to reduce side effects, but no one had their dose of aATC reduced. Three patients were hospitalized for cell-based toxicities, resolved their side effects, and completed immunotherapy without recurrent DLTs. Only patient #13 stopped therapy due to a subdural hematoma most likely due to hypertension, and patient #2 died of digoxin toxicity not related to aATC infusions. The remaining patients received their infusions as outpatients, and there have been over 115 patients to date who have received armed ATC infusions without DLTs. There were 15 patients who received anti-CD3 Â anti-CD20 aATC after high-dose chemotherapy and stem cell transplantation without DLTs (18, 31) .
The development of CTL and IFNg Elispots directed at SK-BR-3 provides immunologic evidence for the development of an endogenous cellular immune response. Consistent with our previously reported data (15) , these data also show persistence of CTL up to 4 months after aATC infusions. High anti-SK-BR-3 cytotoxicity levels cannot be attributed to the infused aATC as they would make up only 1% of the endogenous lymphocyte population after dilution ($1 Â 10 12 cells). Furthermore, our earlier aATC depletion experiment showed that endogenous cells had developed cytotoxicity directed at SK-BR-3 targets (15) .
Increases in serum Th1 cytokine levels leading to high Th1/Th2 ratios and increase in IL12 that developed mid immunotherapy and persisted for weeks after immunotherapy show that the immunologic milieu and tumor microenvironment were shifted towards an antitumor environment. These results are corroborated by our recent study showing that aATC targeting the triplenegative cell line MDA-MB-231 in Matrigel not only inhibited the growth of tumor cells but also inhibited the growth of immune suppressor cells (32) and generated a Th1 cytokine rich microenvironment. These preclinical and clinical findings support the concept of in situ vaccination with infusions of aATC.
The expansion of T cells resulted in >90% of the T cells becoming memory phenotype of CR45RO þ with more than 50% CD4 þ T cells. HER2Bi aATC showed cytotoxicity to SK-BR-3 with consistent increases in cytotoxicity as the proportion of CD8 þ T cells increased in the product. There are major differences between chimeric antibody receptors (CAR) transduced anti-CD3/anti-CD28 activated T cells (CART) and our approach of using the anti-CD3/IL2 activated T cells armed with bispecific antibodies. CARTs rapidly expand and develop an antitumor effect upon tumor engagement. On the other hand, armed ATC mediate immediate cytotoxicity, undergo short-term proliferation, and release Th1 cytokines/chemokines in the tumor microenvironment (15) . The repeated infusions of armed ATC may overcome the tumor immunosuppressive factors to recruit endogenous immune cells leading to in situ vaccination. Treating solid tumors with CAR or armed ATC approaches remains a challenge due to tumor microenvironmental factors.
In summary, aATC were not only feasible and safe but also induced endogenous cytotoxicity and cytokine responses in women with MBC with a possible survival benefit. Our findings show that cellular immune responses develop and may augment immune based killing of tumors even in patients who are progressing. These results provide the rationale for the design of phase II clinical trials using armed activated T cells in solid tumors. 
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